Uniformity of liquid manure application across the tool-bar points is important to ensure proper nutrient supply for crop growth, to maintain producer confidence in nutrient availability, and for addressing water quality concerns. To date, no research has been performed at field-scale to determine the variability of liquid distribution across the tool-bar points, transverse to the direction of travel. In this project, six commerciallyavailable, tank-mounted manifolds for liquid manure distribution were tested for coefficient of variation. Testing was performed using water and coefficients of variation were determined for application rates ranging from 18,708 liters per hectare to 56,124 liters per hectare by setting the manifolds under field conditions and using manufacturer specifications for operation. The tests were performed under three different slope conditions of 0, 3, and 6 percent to simulate cross-slope manure application. Coefficient of variation, calculated for the average application rate as measured across the tool-bar, was less than 20 percent for three of the six manifolds tested for the five application rates for all three slope settings. Only one of the manifolds tested had coefficient of variation less than 10 percent for all of the test settings. On the opposite end, coefficient of variation for one of the manifolds exceeded 100 percent. Results of the testing indicate that caution should be exercised to select the appropriate manifold when applying manure such that the lowest possible coefficient of variation is achieved. 
Introduction
Land application of liquid and slurry animal manures as a nutrient replacement or supplement for crop production is a well-established practice and annually has the potential to supply over $500 million in fertilizer value within the state of Iowa. This practice replenishes the cropland with the nutrients removed by crop harvest. Liquid and slurry manure land applied in Iowa exceeds twenty-eight billion liters annually (Iowa DNR, 2015) from different animal species. Different methodologies for land application of liquid manure (with the exception of splash-plate methodology) involve the liquid manure being pumped through a distribution manifold. This distribution manifold consists of a chamber with several outlets from where the manure is transferred with hoses to different land application points across a tool-bar. The distribution manifolds may or may not be pressurized and transfer hoses operate under gravity-flow to move manure to the application point. These manifolds can be mounted on the tank wagons or on the attached tool bar.
Under ideal conditions, it would be the expectation to achieve 100 percent uniformity i.e. equal amounts of manure, across all of the tool-bar points. Operation of distribution manifolds using only the hydraulic pressure of manure flow raises the question as to how equally the manure discharges from the manifold outlets. The hydraulic pressure of manure flow, in the pump discharge pipe leading up to the distribution manifold, is dependent upon the liters per hectare application rate desired. This application rate controls the flow rate in liters per second passing through the manifold based on drive speed and the tool-bar swath. The shape and size of the manifold, inlet diameter, and the number and diameter of outlets govern the lowest overall application rate feasible across the tool-bar points. Presence of uniformity less than 100% will cause manure distribution to be variable across the tool-bar points even though the desired liters per hectare application rate is achieved. In this case, a few discharge points can be receiving higher than the desired amount whereas the others can be receiving lower amounts. Such variability is a potential cause preventing crop farmers from taking the full credit for manure nutrients. Thus, the uniformity of distribution of discharge from liquid manure applicator distributor manifolds need to be evaluated for acceptable accuracy in the nitrogen application rate.
Crop farmers continue to optimize nitrogen use on cropland by using split nitrogen applications, by using the Maximum Return to Nitrogen (MRTN, Sawyer et al., 2006) calculator, and by using phosphorus based application rates. Split nitrogen applications directly reduce the liquid manure application rate on a field. The MRTN calculator helps growers to calculate nitrogen applications to corn which maximizes their return based on the market prices of nitrogen and corn. Use of this calculator is leading to lower application rates, especially for liquid finishing swine manure, than what were previously being calculated in Iowa using the yield goal method. The MRTN on-line calculator (ISUEO, 2016) , using a nitrogen fertilizer price to corn price ratio of 0.08, calculates a 160 kg/ha nitrogen rate for the corn crop under a corn-soybean rotation in Iowa. The profitable nitrogen rate range is calculated as 145 kg/ha to 175 kg/ha, which is ±10% of the 160 kg/ha rate. Corn yield at this nitrogen application rate is 99% of the maximum yield. High nitrogen testing swine manure further reduces the application rate, especially, if split applications are used to supply the 160 kg/ha nitrogen application rate. A liquid swine manure testing at 9.1 kg per 1,000 L can supply the 160 kg/ha nitrogen when applied at a rate of 18,527 L/ha, assuming 100% nitrogen first-year availability and a 5% application loss. A 50-50 split on nitrogen rate will mean a liquid swine manure application rate of 9,263 L/ha. Use of such low liquid swine manure application rates creates the necessity to enhance the knowledge bank for the performance characteristics of the liquid manure distribution manifolds as no data exists at field scale to describe such performance characteristics.
Secondary causes for lower uniformity across the manifold discharge outlets can be the roll (slope) of the ground across which the manure applicator is operated in the field while performing land application. The slope of the ground can cause the manifolds to be in an inclined position causing the discharge across the manifold outlets to be non-uniform. This uniformity can be significantly lower when liters per hectare application rates targeted are lower than what is feasible through the distribution manifold. Similar issues can be anticipated when the applicator is driven up-hill or down-hill causing the manifold to be inclined due to the pitch of the ground. Any loss of uniformity due to the pitch of the ground is expected to be similar to the roll of the ground for the same angle of inclination involved for symmetrically shaped manifolds.
Literature Review
No studies or reports published in the literature have evaluated uniformity of distribution of discharge from the liquid manure applicator distributor manifolds. Petersen (1994) evaluated coefficient of variation for experimental equipment for application of animal manures at the Askov Experiment Station in Denmark. Using a miniature tank of 1500 L capacity and a small manifold operated by peristaltic pumps, the study reported coefficient of variation between 1% to 9% for liquid manure application rates of 20 metric tons per hectare to 50 metric tons per hectare. The small manifold and miniature tank used in this study are not comparable to relatively larger sized manifolds and large volume tanks ranging between 22,712 L to 30,283 L used in Iowa under typical field scale applications. In a different study, performance evaluation of five liquid manure injection systems was conducted by Sexton et al. (2005) . This report, published by the Agricultural Technology Center of the Alberta Agriculture, Food and Rural Development in Canada, focused only on the evaluation of a variety of injection technologies in terms of liquid placement, soil disturbance, crop residue cover disturbance, and odor. No evaluation of the uniformity of liquid manure distribution across the manifold outlets at field scale was conducted or published in this report. Hanna et al. (2004) evaluated the uniformity of dry manure distribution from existing solid manure spreaders and recommended strategies for improving dry manure uniformity on cropland. No work was performed in this project on liquid manure applicator manifolds.
Objectives
Lack of published data on the performance of distribution manifolds for different application rates and different slopes of the ground makes it important to address any variability issues arising out of such liquid manure application. This project was proposed with the following objectives:
i.
Determine the coefficient of variation across the outlets of six different manifolds comprising of 7 to 12 outlets for application rates ranging from 18,708 liters per hectare (L/ha) to 56,124 L/ha in 9,354 L/ha increments. ii.
Determine any changes in the coefficient of variation calculated in Objective 1 for three different slopes of 0, 3, and 6 percent. iii.
Establish the performance capabilities in terms of application rate and slope for the six different manifolds using coefficient of variation.
Methodology
The American Society for Testing and Materials (ASTM) Standard E641 (ASTM, 2012) describes the volumetime measurement method to calculate the discharge rate from the spray nozzles and the spray volume distribution across the swath width of a sprayer. This standard does not provide a measurement statistic that can be used across different sprayer swaths. The American Society of Agricultural and Biological Engineers (ASABE) Standard 436.1 (ASABE, 2012) uses Coefficient of Uniformity to determine variability among center pivot sprinkler nozzles using a Christensen formula. This formula, as shown in Equation 1, only uses the absolute error from the mean averaged over the total volume collected to measure the variability.
= 100
Where CUc is the Christiansen uniformity coefficient; n is the number of collectors used in data analysis; Vi is the volume of water collected in the i th collector, n is the total number of collectors, and ⊽ is the arithmetic average volume caught by all collectors. This formula does not provide a measurement statistic to compare different center pivots and/or different sprinkler nozzles under un-pressurized conditions. Hanna et al. (2004) used Coefficient of Variation (CV) when determining the uniformity of dry manure distribution from existing solid manure spreaders across the swath width. A statistical measure, the coefficient of variation (CV) is typically used to measure uniformity of pesticide sprayers. The same CV can be used to determine the distribution of liquid from different outlets of a manure application manifold as it is a better statistical measure than the mean averaged absolute error. This will measure the variation across the different tool-bar points as the outlets are connected to these points with discharge hoses. This measurement is, thus, a measurement of variation in the direction transverse to the direction of travel. The coefficient of variation across the manifold outlets can be defined by Equations 2, 3, and 4 as:
where CV is the coefficient of variation, is the standard deviation, Ǭ is the arithmetic average flow rate from all outlets, Ǫi is the flow rate of the i th outlet, and n is the total number of manifold outlets. When using Equation 2, low CV refers to better uniformity.
Water was used as the fluid to perform the experiments to determine the coefficient of variation. Locally available water from rural supply or a farm pond was used to conduct the experiments. This eliminated any variability due to the manure solids content and the associated weight changes. It was assumed that swine liquid manure resembles closely to water with all garbage chunks removed which could otherwise cause manifold plugging or malfunction.
Water from the outlets was collected in 208 L straight wall drums. The tank pump was started first to allow the discharge tubes to purge and have consistent flow. A few seconds into the consistent flow, water from the manifold outlet discharge hoses was captured for a 15 second time interval in the straight wall drums. The depth of the water collected in the drums was measured and recorded. The depth of water recorded was converted to liters of water by the use of calibration data previously collected. For calibration purposes, water was added to a 208 L drum using a graduated cylinder in 3.78 L increments. The depth of water in this calibration drum was recorded with each 3.78 L addition of water. A fourth-order polynomial calibration curve was then developed to convert the depth of water collected to liters of water collected for the 15 second interval. This calibration curve has an R 2 value of 0.999. The temperature of the water was recorded during the calibration process and the liters of water were converted to pounds using density of water at the recorded temperature. Calculation performed using temperature variations of ± 10 o C showed that the mass to volume changes will have an error of less than 0.5% in the depth of water in the drum to the volume of water conversion. The calibration curve developed at one temperature was thus used for all field measurements irrespective to the water temperature in the field experiments.
The depth of water, converted to liters collected, was then converted to flow rate in liters per hour, and then to application rate in liters per hectare based on hectares covered per hour using the tool-bar width and drive speed. Starting test application rate was 56,124 L/ha and was then dropped in increments of 9,354 L/ha to 18,708 L/ha. In certain experimental conditions, a further lower test application rate of 9,354 L/ha was also tested. A minimum of three sets of observations were collected for each test application rate setting. These observations were collected by setting the manifold in a levelled position (0% slope). The experiment was repeated by setting the manifold on 3% and 6% slope to measure the effect of slope on the distribution of liquid. The slope of the manifold was measured using an angle gauge. The application rate, and subsequently the flow rate settings, were achieved using the tractor mounted controls which operated the flow regulating valves. Field settings of 76-cm knife spacing and 8 kilometers per hour operating speed were used to lock in the application rate in liters per hectare through the tractor controls.
Six different tank-mounted manure distribution manifolds were tested in this study Appendix A1). Manifold 1 was a crescent-moon shaped manifold with seven un-equally spaced outlets with manure entering at an angle to the manifold orientation. Manifold 2 was a circular manifold with manure entering from the bottom and had 12, relatively equally-spaced outlets on the circumference. This manifold had outlet blocking plates mounted on a hydraulic motor which were capable of restricting the outlet area. Manifold 3 was similar to Manifold 2 but only had 8 outlets. In case of this manifold, the eight outlets were along the 240-degrees circumference of the manifold. The remaining circumference (120 degrees), facing the tank, had no outlet as can be seen in Appendix A1. In case of the fourth manifold, the manure entered from the bottom and six equally spaced inverted outlets were mounted on the top of the manifold. This manifold was mounted on top of the end wall of the tank whereas all other manifolds were mounted on top of the toolbar. Manifold 5 had eight equally spaced outlets with manure entering the manifold at an angle on top of a large drum. Sixth manifold had 20 outlets where 12 outlets were coupled by directing the flow from one to the other as per manufacturer directions. In case of this manifold, 10 outlets were facing one side where as the other 10 outlets were directly opposite to them (Appendix A1). Manure entered the manifold from the bottom in this case. Thus, only eight manifold outlets were allowed to discharge during its testing. Measurements made in this experiment represent the coefficient of variation across the toolbar points i.e. in a direction transverse to the direction of travel.
Results
Application rate, in liters per hectare for the manifolds tested, was achieved by using the automatic flow controls mounted on the tractor (schematic in Figure 1 ). These controls typically used a flow controller valve coupled with a flow meter to deliver the application rate used for testing. In the first test of each manifold, the depth of water collected in the drums was compared with expected depth of water for the test application rate. This was done to verify that the manifold was receiving the appropriate amount of flow rate in liters per minute. As the collected depth of water in the drums was variable, it was decided to record measurements as is without altering the test application rate locked into the rate controls of the tractor. Table 1 shows the application rate targeted for testing and the measured application rate delivered across the manifold outlets for three different slopes. In case of Manifolds 1, 2, 3, 5, and 6, the orientation of the discharge hoses from the manifold outlets were such that the hoses were strung over the tool-bar close to the tool-bar points. In case of Manifold 4, the hoses from the manifold outlet used to collect discharge did not pass over the tool-bar as the tool-bar was still under construction when the testing took place. As such, the data does not reflect any hindrances the hose loops may pose in restricting the discharge from the manifold outlets. For Manifold 6, two inlet ports were provided on the manifold housing for preventing any air locks that may develop during discharge. During testing, these two inlets acted as outlets and discharged water. As the operating instructions for the manifold required these two ports to be kept open, the inlets were not attached to any hoses, the water was allowed to discharge freely and not collected for measurement. Measurements for different manifolds for the application rate exceeding ±10% of the test application rate are marked in red in Table 1 . Manifold 2 had all measured average application rates within ±10% of the test rates at all three slope settings. Manifold 3 only had 40% of the reading within the ±10% range. This indicates that the tractor controls, the flow control valve, flow meter assembly need to be calibrated even though they are capable of delivering liquid within ±10% accuracy. Manifold 6 had majority of the measurements for the average application rate outside of the ±10% of the test rate. Considering that the two inlets were discharging at the same rate as the other eight outlets, a correction factor of 1.25 (10/8) can be calculated. Applying this correction factor to the average application rate measurements, which are over ±10% of the test rate, resulted in majority of corrected measurements being within ±10% accuracy. This manifold, thus, was delivering water close to the test rate. The question on why the two inlets behaved as outlets is being discussed further with the manufacturer. Results summarized in Table 1 point to the fact that calibration of the flow meter along with the flow control valve assembly in relation to the tractor controls is needed to ensure that the application rate delivered across the toolbar is close to the target rate planned for manure application.
Manifold 1 (crescent moon shaped) had coefficient of variation (CV) in excess of 10% for all test application rates for all three slope settings ( Figure 2A ). As the application rate was reduced from 56,124 L/ha to 28,062 L/ha, the CV increased to over 50% for all three slope settings. At 9,354 L/ha and 18,708 L/ha, the variation in the water collected in the drums was significant. With the increase in slope, the CV increased for all test rates except 9,354 L/ha, where it decreased first and then increased. Field observations made during testing showed greater depths recorded in the drum towards the upslope end of the tool-bar under 3% and 6% slope setting. These results indicate that due to momentum of the fluid entering the manifold, eddies or vortexes can develop within the manifold leading to variable results. The down-slope end of the manifold acts as a splash-plate re-directing the fluid towards the up-slope end, thus, causing the CV to increase with increasing slope setting. Results indicate that additional tests with this manifold are needed to find the application rate where the CV is below 10%. Alternatively, the manifold needs major adjustment to find a way to get variability less than 10%.
Coefficient of variation for Manifold 2 (with outlets on full circumference) was slightly above 10% at the zero percent slope setting for the 56,124 L/ha test application rate ( Figure 2B ). The CV improved and dropped below 10% with increase in slope from 0% to 3 % and then again from 3% to 6%. This was the case for 28,062 L/ha a Rate lock not achieved (R.L.N.A.) with the machine controls as the flow rate setting was too low for the flow meter to provide any measurement. Numbers in red represent application rate measurement which is in excess of ±10% of the test rate.
to 56,124 L/ha test application rate. At 18,708 L/ha test rate, the CV increased to 20% for the zero percent slope setting, however, the trend of lower CV with increasing slope was true for this test rate. At 9,354 L/ha, the CV was less than 10%, however, an increase from the 0% to 3% slope was observed followed by relatively no change in CV when the slope increased from 3% to 6%. The main reason for lower than 10% CV is that the manifold has a small cavity it uses to distribute the flow amongst the outlets on its circumference. Secondly, the blocking plates mounted on a rotating motor, keep three or more outlets blocked leading to a reduced outlet area to inlet area ratio. This outlet area to inlet area ratio would be higher for this manifold if the blocking plates were not installed. This will also be true for manifolds without any blocking plates.
Manifold 3 was similar in design to Manifold 2, except that it had only eight outlets which were evenly spaced on 2/3 of the circumference of the manifold (Appendix A1). The coefficient of variation was below 10% for test rates of 37,416, 46,770, and 56,124 L/ha for all three slope settings ( Figure 2C ). The coefficient of variation increased to 40% and above for 18,708 L/ha and 28,062 L/ha test rates. The less number of outlets reduced the tool-bar width which in turn reduced the flow rate (liters per minute) being pumped through the manifold. Secondly, hose loops were observed in the discharge hoses as the hoses strung from the manifold outlets to the tool-bar points. These loops can have liquid left in them from previous runs which does not empty out by gravity once the pump is shut off. It appears that this liquid can produce enough back pressure on the un-pressurized outlets of the manifold under low flow conditions. This back pressure can behave as a pressure plug and not allow an outlet to discharge resulting in uneven distribution of liquid amongst the outlets. One important point is that this manifold had CV less than 10% at higher application rates. From a practical standpoint, this means that as we get to lower application rates, the travel speed is increased as much as practical to keep flow rate (Liters per minute) through the manifold comparable to the higher application rates. Manifold 4 (inverted outlets) had the largest setup height as it was mounted towards the top of the back-end of the tank wagon. The outlet hoses in this case were strung straight down to the drums and there were no loops in these hoses. Secondly, there was no tool-bar attached to this wagon as it was still under construction. The coefficient of variation was less than 10% for the three slope setting for test rates of 18,708 L/ha to 56,124 L/ha ( Figure 2D ). At 9,354 L/ha test rate, the CV was below 10% for 0% and 3% slope setting but was between 10% and 20% for the 6% slope setting. In this manifold, the inlet is at the bottom of the manifold and outlets are baffled. As the outlet discharge hoses were not strung over the tool-bar in this test, a re-test is scheduled to measure the CV with the tool-bar attached. This re-test will present comparable data to see the effect of hose loops. Elimination of hose loops is one simple thing that can be accomplished to help achieve best performance from the manifold.
Manifold 5 (outlets on large drum) had coefficient of variation results over 10% for all application rates at all three test settings ( Figure 2E ). This manifold was impacted the most during testing with hose loops. At the lower test rates, the outer two outlets on either side of the tool-bar did not flow at all. In addition to four outlets not discharging, the remaining four outlets in the center of the tool-bar, had variable outflow. At the 18,708 L/ha under 6% slope setting, the CV exceeded 100%. Testing at 9,354 L/ha test rate could not be performed due to the inability of the tractor controls to produce a stable flow through the flow meter. It is, however, clear that this lower rate would have test with CV equal to or greater than the CV for the 18,708 L/ha test rate. Testing of Manifold 5 at applications rates over 56,124 L/ha is required to see where the CV fall below the 10% threshold. The current experimental design cannot be used as the 208 L drums will be too small for collecting outflow for 15 seconds. Such testing will require larger volume drums or tanks which can handle greater discharge amounts from the outlets than the amounts discharged in this experiment.
Manifold 6 (coupled outlets) produced test results with coefficient of variation less than 10% for all three slope settings for 18,708 L/ha to 56,124 L/ha test rates ( Figure 2F ). This manifold had outlets 5.1-cm in diameter whereas manifolds 1 through 5 had outlets 7.6-cm in diameter. This manifold also had blocking plates mounted within the manifold to reduce the number of outlets discharging at any given time. Smaller outlet area combined with outlet blocking helped the outflow from this manifold to be relatively uniform across the eight outlets tested. As two valves provided for preventing air lock from developing also discharged during testing, a full test of this manifold with all 20 outlets discharging is planned for summer/fall of 2016.
The different manifolds tested in this experiment had different shapes along with different number and size of outlets, and different location of the inlet. As such, each manifold is independent for its performance capabilities in terms of the coefficient of variation. Each manifold is potentially capable of achieving CV of 10% or less depending upon the flow rate (L/min) passing through it. Certain manifolds, by design, can achieve CV of 10% or less at lower application rates where as certain other manifolds achieve it at higher application rates. Results of this applied research indicate that lower application rates with CV of less than 10% are feasible with appropriate choice of manure distribution manifolds. This will help producers to land apply liquid swine manure effectively, and may help answer the question of manure nitrogen availability. Better distribution of manure nitrogen can further help to reduce the need of land applying supplemental nitrogen as side-dressing in spring, thus, resulting in cost savings as well as water quality benefits.
Conclusions
This study represents the case where liquid swine manure is similar to water which was used for testing the tankmounted manifolds. The results obtained in this study should be used with caution when dealing with distribution of liquid manures such as cattle confinement or dairy manure.
Tractor mounted application rate controls provided average application rate within ±10% of the test rate in 70% of the flow rate settings. As a significant number of results (30%) were beyond the ±10% test rate settings, a calibration of the tractor mounted controls to deliver the desired application rate is needed. This calibration may be limited by the tolerances built into the tractor controls for tractor operations, thus, limiting the ability of the flow rate controls to achieve the appropriate application rate.
Coefficient of variation, calculated for the average application rate as measured across the tool-bar, was less than 20 percent for three of the manifolds tested for the five application rates for all three slope settings. Only one of the six manifolds tested with coefficient of variation less than 10 percent for all of the corresponding test settings. On the opposite end of testing results, coefficient of variation for one of the manifolds exceeded 100 percent. Results of the testing indicate that caution should be exercised to select the appropriate manifold when applying manure such that the lowest possible coefficient of variation is achieved. Each of the manifold tested showed its performance capabilities and limitations in terms of liters per hectare application rate it can adequately support.
Effect of slope on coefficient of variation was not clear across all manifolds. One of manifolds showed an increase in CV with increasing slope, whereas another one showed a decrease in CV with increasing slope. The shape of the manifold and the orientation of the outlets with respect to the inlets had an impact on how the manifold performed with increase in slope.
Field experiments also showed that it will be helpful to eliminate any loops in the discharge hoses connected with the manifold outlets as the hoses transverse over the tool-bar to the tool-bar points. As these loops can hold liquid and not drain out by gravity, a hydraulic plug can get setup in the hose which then forces the outlet to not discharge under low flow / un-pressurized conditions. It will, thus, be better to mount the manifold at the highest point possible such that the loops in the discharge hoses can be eliminated.
